In vivo longitudinal and repetitive cellular-level visualization of microvasculature and fluorescent cells in deep tissue such as skin dermis, solid tumor and brain of single mouse in minimally invasive manner was demonstrated by using a needle-type side-view confocal endomicroscopy.
OCIS codes: (170.2150) Endoscopic imaging; (170.2520) Fluorescence microscopy To investigate skin biology, tumorigenesis and neural network dynamics, a direct observation of cellular-level phenomena inside deep tissue in a natural in vivo environment over an extended period of time is highly desirable as it can provide new insight to understand the complex physiological processes in sequential time point [1] [2] [3] . During the last decade, intravital imaging based on laser-scanning confocal and two-photon microscopy has been widely utilized to observe the complex pathophysiological processes in animal model of various human diseases in vivo [4] [5] [6] . However, for a live animal model, its application has been mostly limited to the superficial portion of tissues. It is mainly due to a rapidly decreasing signal to background ratio in the image acquired at deeper portion of tissues, which is caused by increased multiple light scattering.
In this study, by utilizing a graded-index (GRIN) lens based endomicroscope integrated into a small diameter needle, we achieved a minimally-invasive in vivo cellular-level visualization of microvasculature and individual fluorescent cells deeply placed inside the solid tissue such as skin, tumor and brain. A repetitive and longitudinal visualization of growing breast tumor established by injecting breast cancer cells expressing green fluorescence protein (GFP), 4T1-GFP, into the mammary fat pad of mouse model was performed in the single mouse over 3 weeks. In addition, by using a transgenic mouse expressing yellow fluorescence protein (YFP) in the neuron, Thy1-YFP-H, we achieved in vivo cellular-level confocal endomicroscopic observation of brain from superficial cortex to hippocampus and thalamus.
To investigate deep tissue structures in minimally invasive manner, a side-view endomicroscope was fabricated by using custom optical probe based on miniature GRIN lenses. It consists of a high NA (NA 0.5) coupling lens, a relay lens with 1 pitch and an imaging lens attached with aluminum coated micro-prism (0.3 mm in length) to reflect light for side-viewing. The fabricated compact optical components in a diameter of 350 μm were packaged by a hypodermal 22 gauge needle tip and optical epoxy as shown in Fig. 1(a) to have a diameter of 0.7 mm and 15.4 mm in length for the direct insertion into the deep solid tissue in a live mouse model. The needle-type side-view endomicroscope was fixed to a custom-design mount consisted of X-Y and Z-axis translation stages for the precise adjustment of the position. Finally, the endomicroscopic mount was integrated to a custom-built video-rate laser scanning confocal microscopy system as shown in Fig. 1(b) . A video-rate 2D raster beam scanning pattern was achieved by a rotating polygonal mirror and a galvanometer mirror scanner [7] . Four laser beams were combined by dichroic beam splitters and four photomultiplier tubes (R9110, Hamamatsu) were used to detect the fluorescence signals simultaneously. The final field of view of the needle-type side-view endomicroscope after integration into the confocal microscopy system is 180 μm when the scanning pattern was delivered to back aperture of an objective lens (60X, LUMFLN, NA 1.1, Olympus).
A H2B-GFP transgenic mouse which endogenously expresses GFP in nuclei were used to demonstrate the capability of the endomicroscope for a high resolution cellular-level visualization of deep region from the epidermis to deep dermal layer of the skin. In addition, by intravenously injecting anti-CD31 antibody conjugated with red flurophore, AlexaFlour 647, the microvasculature in the skin was fluorescently labeled in vivo. Then, the needletype side-view endomicroscope was inserted deeply into the skin while continuously acquiring cellular-level multicolor confocal images those were stitched to generate a mosaic image as shown in Fig. 1(c) .
For longitudinal and repetitive visualization of tumorigenesis in the single mouse, the breast cancer cells, 4T1-GFP cells were injected into the mammary fat pad of wild-type BALB/c mouse. At day 9 after injection of the cancer cells, the endomicroscope was inserted to visualize deeper portion of the tumor tissue as shown in Fig. 1(d) . Cancer cells and capillaries in the whole tumor from the top to the bottom were successfully visualized. The imaging procedures were repeatedly performed in the single mouse over 3 weeks for longitudinal observation of tumor growth as shown in Fig. 1(d) .
In addition, we visualized the deep brain in vivo using Thy1-YFP-H transgenic mice which endogenously express YFP in sub-population of neurons [8] . Neuronal structures from the top layer, cortex, middle portion, hippocampus, and bottom portion, thalamus, were continuously observed in cellular-level in minimally invasive manner as shown in Fig. 1(e) . Regional characteristics such as a distribution of neuron cells or mossy-like fiber pathways in hippocampus were distinguishable.
Collectively, with the needle-type side-view confocal endomicroscopy, we demonstrated a minimally-invasive visualization of microvasculature and individual fluorescent cells in various deep tissues of mouse in vivo. It could be utilized as a useful tool to investigate the complex pathophysiology of various human disease through preclinical animal model study. 
